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Background: There is wide variation in the wood properties of plantation-grown coast redwood (Sequoia sempervirens
(D.Don) Endl.) in New Zealand. Contributing factors are the seed source, silviculture, growth rate and age of the trees in
the plantation forests. Little is known about how these factors affect the variation of wood properties among and within
the trees of New Zealand’s coast redwood forests.
Methods: The wood of plantation-grown coast redwood trees from three forests in the North Island, New Zealand, was
evaluated using butt log and breast height discs and cores, and in vitro decay tests with brown- and white-rot fungal
cultures, to determine the variation in the heartwood content, basic density, and red colour and natural durability of the
heartwood.
Results: The heartwood content of the coast redwood trees was strongly influenced by the age and size of the trees.
The basic density of the wood varied widely among the trees in the forests. There were strong radial trends of
heartwood colour and natural durability within the stems of trees, with differences among trees at the same growth
rings. The heartwood showed a wide range of natural durability, with trees from the older forest stands having a higher
proportion of durable heartwood.
Conclusions: The diameter growth and age of the coast redwood trees, and the variation among and within the stems
of trees will affect the wood properties. Faster diameter growth is likely to increase the heartwood content, and longer
rotations will increase the quantity of durable heartwood. The variation among trees suggests there is potential for
genetic improvement.
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The plantation-grown resource of coast redwood (Sequoia
sempervirens (D.Don) Endl.) in New Zealand occurs largely
in the North Island (Knowles and Miller 1993), and com-
prises forest stands of trees from both Californian and
New Zealand seed sources, and sites with different soil and
climatic conditions. The growth of coast redwood trees
across a range of North Island sites in New Zealand is ap-
preciably faster than in California (Brown 2007), with
mean annual increments of over 30 cubic metres per hec-
tare on good quality sites, that could allow for rotation
lengths of around 35 years (Dean 2007). The wood of New
Zealand-grown coast redwood varies widely in quality, due
to the seed source, silviculture, growth and age of the trees,* Correspondence: trevor.jones@plantandfood.co.nz
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in any medium, provided the original work is pbut it can compare favourably with second-growth coast
redwood in California (Knowles and Miller 1993; Cown
2008; Cown et al. 2013).
Coast redwood trees in the North Island of New
Zealand have a heartwood content that averaged 54%
(range 44–66%) for 38 year-old trees from Mangatu For-
est in Gisborne (Cown and McKinley 2009), and 52%
(range 45–62%) for 45-year-old trees from Tauranga in
the Bay of Plenty (Colbert and McConchie 1983). The
basic density of the wood was low, and averaged
323 kg m−3 (range 262–380 kg m−3) for the 38-year-old
trees from Mangatu Forest (Cown and McKinley 2009),
and 353 kg m−3 (range 282–388 kg m−3) for the 45-year-
old trees from Tauranga (Colbert and McConchie 1983).
This was similar to the basic density of second-growth
coast redwood trees in California, with average values of
340 kg m−3 (Bendtsen 1966), 356 and 360 kg m−3 forOpen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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wardt and Wilson 1935), 400 kg m−3 (range 270–
550 kg m−3) for 45- to 65-year-old close-grown trees
(Resch and Arganbright 1968), 340 kg m−3 (range 270–
410 kg m−3) for butt and second logs of 65-year-old
trees (Fritz 1950).
The heartwood of New Zealand-grown coast redwood
trees has been shown in field tests to be moderately dur-
able in ground contact, and durable in above-ground situa-
tions (Hughes 1982). Weatherboard tests of the heartwood
of coast redwood in New Zealand have shown 84% of
weatherboards to be sound for test periods of 9 to 17 years,
indicating there is variability in the natural durability of
this species (Page et al. 1997). One of the features of coast
redwood is the natural durability of its heartwood, but the
durability of New Zealand-grown coast redwood is quite
variable (Nicholas 2008). Old-growth and second-growth
coast redwood trees in California have shown large differ-
ences in the natural durability of heartwood (Clark and
Scheffer 1983). The differences occurred among forest lo-
cations and individual trees, and within the stems of trees.
The second-growth trees (24 to 100 year-old) were less re-
sistant and more variable in natural durability, compared
with the old-growth trees (200 to 1300 year-old) (Clark
and Scheffer 1983). The natural durability varied from the
inner to outer heartwood within the tree stems, with the
most durable heartwood occurring adjacent to the sap-
wood, and the susceptibility to decay increasing towards
the pith (Sherrard and Kurth 1933; Clark and Scheffer
1983).
In this study, the wood of plantation-grown coast red-
wood trees from three forests in the North Island of
New Zealand was evaluated to determine the effect that
forest sites, and trees of different seed source and age
have on the heartwood content, basic density, colour,
and natural durability of the heartwood. Butt log and
breast height discs and cores, and in vitro decay testing
of heartwood blocks with brown- and white-rot fungal
cultures, were used to assess the wood properties and
the variation that occurred among the forest sites, trees






Average annual temperature, °C 12.7
Average annual rainfall, mm 1740
Soil series and type Mamaku sandMethods
Coast redwood stands
The coast redwood trees were sampled from stands at
Kinleith Forest in the Waikato, Mangatu Forest in
Gisborne, and Rotoehu Forest in the Bay of Plenty
(Table 1). The trees in each forest stand were of differ-
ent ages and seedlots, so the effects of site and genetics
are confounded, but the stands did provide a wide
range of tree age and New Zealand and Californian see-
dlots. The 71-year-old Kinleith Forest stand was grown
from a Californian seedlot, the 38-year-old Mangatu
Forest stand was from a New Zealand seedlot from
Whakarewarewa Forest in the Bay of Plenty, and the
22-year-old Rotoehu Forest stand was a coast redwood
provenance trial, with eight seedlots from California
(latitude range 36º 59' to 40º 53') and a New Zealand
seedlot from Whakarewarewa Forest in the Bay of
Plenty.
The stand inventories showed the Kinleith Forest
stand had a stand density of 550 stems ha−1, basal area
of 150.9 m2 ha−1, mean diameter at breast height (DBH)
of 59.1 cm, mean top height of 44.9 m, and the Mangatu
Forest stand had a stand density of 398 stems ha−1, basal
area of 107.6 m2 ha−1, mean diameter at breast height
(DBH) of 58.5 cm, and mean height of 32.8 m. The
Rotoehu forest stand had an effectivea stand density of
660 stems ha−1 at age 20 years (Vincent 2001).
Tree and wood disc measurement
The trees were measured at breast height (1.4 m) for
diameter over bark, and after felling wood discs were cut
from the ends of the 6 m butt log for six trees at Kin-
leith and thirteen trees at Mangatu Forest, and at breast
height for 32 trees at Rotoehu Forest. The wood basic
density was measured gravimetrically for growth rings
21–30 from the pith, using two diametric pith-to-bark
sectors cut from each disc at Kinleith and Mangatu
Forests, and from pith-to-bark using two breast height
increment cores per tree at Rotoehu Forest. The heart-
wood content was measured as a percentage of the disc
area (Haslett and Young 1990).North Island, New Zealand
Site
Mangatu Forest Rotoehu Forest
1970 1981
38° 16′ 37° 54′





Figure 1 Decay testing of the coast redwood heartwood
blocks, and the radiata pine sapwood control blocks, with
fungal cultures in an incubator.
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The coast redwood heartwood blocks for colour meas-
urement and decay testing were prepared from the butt
log and breast height wood discs. Two pith-to-bark
strips were cut from each wood disc at the bottom of
the butt logs at Mangatu Forest, and one pith-to-bark
strip was cut from each of the wood discs at the top and
bottom of the butt logs at Kinleith Forest, and from each
breast height wood disc at Rotoehu Forest. Heartwood
blocks of dimensions 25 × 15 × 50 mm (tangential, radial,
longitudinal directions) were cut in series from the inner
to outer heartwood of each pith-to-bark strip. The aver-
age growth ring number from the pith was measured for
each heartwood block.
Radiata pine (Pinus radiata D. Don) sapwood blocks
of dimensions 25 × 15 × 50 mm (tangential, radial, longi-
tudinal directions) were cut for use as controls.
Colour measurement
The a* colour was measured using the CIELAB colour
space standard (CIE 2007) on the radial longitudinal sur-
faces of the coast redwood heartwood blocks using a
Minolta CR-400 Chroma meter (Konica Minolta Sens-
ing, Inc., Osaka, Japan). Three spot (8 mm diameter)
measurements were made on each radial longitudinal
surface (total of six spot measurements per block) and
averaged.
Decay testing
The fungal decay resistance of the coast redwood heart-
wood blocks, and radiata pine sapwood control blocks,
was evaluated using pure fungal culture decay testing
with the European Standards EN 113 (1996) and EN
350–1 (1994). The fungal cultures used were: brown-rots
Coniophora puteana (Schumach.) P. Karst. (strain BAM
Ebw 15) (CABI UK Centre, Egham, UK) and Gloeophyl-
lum trabeum (Pers.) Murrill (strain BAM Ebw 109)
(BRE, Watford, UK), and white-rot Trametes versicolor
(L.) Lloyd (strain CTB 863 A) (CABI UK Centre, Egham,
UK). The heartwood blocks of each pith-to-bark strip
were allocated from inner to outer heartwood to the
fungal cultures in the repeating sequence: C. puteana, G.
trabeum, T. versicolor. There were 150 heartwood blocks
from each of Mangatu and Rotoehu Forest, and 108
heartwood blocks from Kinleith Forest.
A further six replicate heartwood blocks from each
forest were used to calculate the theoretical oven-dry
mass of the test blocks prior to decay testing, and an-
other four replicate heartwood blocks from each forest
were used as a check test specimen for calculation of the
correction value (EN 113 1996). The check-test speci-
mens were placed in uninoculated culture vessels to de-
termine the variations in the mass of the test blocks
resulting from factors other than attack by the testfungal cultures. The radiata pine sapwood blocks were
used as the reference species and virulence control spec-
imens, with eight replicates allocated randomly to each
of the three fungal cultures.
The brown- and white-rot fungal cultures were grown
on 2% malt extract (Danisco) and 1.5% bacteriological
agar (Coast Biologicals Ltd) for 2 to 3 weeks at 26°C and
75% relative humidity, then transferred to culture vessels
containing 4% malt extract powder and 2% bacterio-
logical agar. The cultures were allowed to grow for 5 days
to 1 week before adding a plastic spacer mat (approxi-
mately 64 × 64 × 1 mm3) with holes drilled in it to allow
the fungal hyphae to penetrate through to the heartwood
and sapwood blocks, while resisting the transfer of
medium to the blocks.
The blocks were re-saturated and leached in water for
14 days, with the leaching water changed every two days
(EN 84 1997), air-dried and conditioned to constant
weight at 12% equilibrium moisture content, and
weighed, packaged and sterilised by exposure to ethylene
oxide gas. Using the EN 113 (1996) procedures, the
blocks were placed aseptically into prepared agar con-
tainers when the fungal cultures were 2 weeks old. Incu-
bation was for 16 weeks at 26°C and 75% relative
humidity (Figure 1).
Following incubation, the blocks were cleaned and
weighed, and then oven-dried at 103°C for 18 hours.
After oven-drying the blocks were reweighed, and the
percentage weight loss for each block was calculated
along with a theoretical oven-dry weight using the data
from the reserved blocks (above). Corrected weights
were then calculated using the data from the check con-
trol and means were then determined for each fungal
culture.
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ability classes (Table 2), on the basis of their x value, cal-
culated using the equation:
x value ¼ average mass loss of the test specimens
average mass loss of the reference specimens
ð1Þ
Where: the test specimens were the coast redwood
heartwood blocks, and the reference specimens were the
radiata pine sapwood blocks. The x values were calcu-
lated using the fungal culture that contributed the high-
est weight loss.
Data analysis
The diameter, heartwood content and a* colour, basic
density, and the weight loss with fungal decay testing, of
the coast redwood samples obtained from Kinleith,
Mangatu, and Rotoehu Forests were compared using
one-way analysis of variance (ANOVA) with the SAS
Proc GLM (Version 9.1, SAS Institute Inc., Cary, North
Carolina) and the model:
yij ¼ μþ f i þ tj ið Þ þ eij ð2Þ
Where: yij denotes the observation on the tree j in for-
est i, μ is the overall population mean, fi represents the
effect of the forest site (fixed), tj(i) the effect of the trees
(random) nested within the forest, and eij represents the
error term for the measurements. The weight loss with
fungal decay testing was positively skewed, so log trans-
formation was used to normalise the distributions.
The SAS Proc GLM MEANS statement and LSD op-
tion, which performs pairwise t-tests, equivalent to Fish-
er’s least-significant-difference LSD test in the case of
equal cell sizes, was used to provide multiple compari-
sons of the means at Kinleith, Mangatu, and Rotoehu
Forest.
The sources of variation for the diameter, heartwood
content and a* colour, basic density, and heartwood
weight loss with fungal decay testing were analysed
using the Proc Mixed function of SAS software (Littell
et al. 1996) with the model in Equation 2.
The correlation of the heartwood content and the







5 Not durableProc Corr function of SAS software, for the Mangatu
and Rotoehu Forest trees.
Comparisons of the heartwood a* colour and weight
loss with fungal decay testing for the individual trees of
each forest stand were evaluated after adjustment for
differences in the radial position from inner to outer
heartwood, using analysis of covariance with SAS Proc
GLM. The radial position was defined as a proportion of
the heartwood radius or the growth ring number from
the pith.Results
Diameter at breast height
The diameter at breast height (DBH) of the coast red-
wood trees selected for felling increased with the age of
the forest stands (Table 3, Figure 2). The average DBH
(59.0 cm) of the thirteen felled trees at Mangatu Forest
was similar to the stand inventory average DBH
(58.5 cm). However, the average DBH (94.7 cm) of the
six felled trees at Kinleith Forest was larger than the
stand inventory average DBH (59.1 cm), indicating that
larger trees in the stand had been selected for felling.
The forest stands were the largest source of variation in
DBH (Table 4), reflecting the large differences in tree
age and the selection of larger trees in the Kinleith
Forest stand.Heartwood content
The heartwood content of the coast redwood trees in-
creased with the age of the forest stands, and the size
of the trees (Table 3, Figures 2 and 3). There were
strong correlations between heartwood content and
DBH, with coefficients of determination of R2 = 0.48
and 0.66 for the Mangatu and Rotoehu Forest trees, re-
spectively. The trees selected from the Kinleith Forest
stand were larger than the stand average, and given the
increase in heartwood content with the size of the trees
(Figure 3), this would suggest the heartwood content of
the Kinleith Forest trees was higher than expected on
average for this stand. The forest stands were the lar-
gest source of variation in heartwood content (Table 4),
due to the large differences in tree age and size among
the forest stands.g fungal culture decay testing, based on European
x value from fungal culture decay testing
x≤ 0.15
x > 0.15 but≤ 0.30
x > 0.30 but≤ 0.60
x > 0.60 but≤ 0.90
x > 0.90
Table 3 Diameter growth, heartwood content and a* colour of the coast redwood trees, showing forest averages with
ranges of tree values in brackets
Forest Tree age (years) Diameter at breast height (cm) Heartwood content1 (%) Heartwood a* colour2
Kinleith 71 95 (66–111) a 71 (67–77) a 14.9 (13.6-16.5) a
Mangatu 38 59 (38–84) b 57 (46–70) b 14.8 (11.3-17.8) a
Rotoehu 22 41 (29–67) c 49 (34–69) 14.4 (10.8-16.9)
1Heartwood content at 6 m for Kinleith and Mangatu Forest, breast height for Rotoehu Forest.
2Heartwood a* colour at 0 m for Kinleith and Mangatu Forest, and breast height for Rotoehu Forest.
Average values followed by the same letter do not differ significantly (p > 0.05).
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Figure 2 Box-and-whisker plots of the diameter at breast
height; the heartwood content at 6 m height for Kinleith and
Mangatu Forests, and breast height for Rotoehu Forest; the
heartwood a* colour at 0 m height for Kinleith and Mangatu
Forests, and breast height for Rotoehu Forest. Diamond symbols
show the average, horizontal boxes the median, 25th and 75th
percentiles, and the horizontal lines extend to the minimum and
maximum values.
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The basic density of the wood of the coast redwood
trees at Kinleith and Mangatu Forests was similar for
growth rings 21–30 from the pith, at 0 m and 6 m
height, but was lower at Rotoehu Forest due to the
younger age of the trees (Table 5, Figure 4). Most of the
variation in basic density at the Kinleith and Mangatu
Forest stands occurred among the trees, with some vari-
ation within the butt log due to the small decline in
basic density from 0 m and 6 m height (Table 4).
Heartwood red colour
The heartwood red or a* colour was very similar for the
forest stands (Table 3, Figure 2). Most of the variation in
the heartwood a* colour occurred among the trees and
within the tree stems, from the inner to outer heartwood
(Table 4). There were significant differences in the heart-
wood a* colour of the trees, and from the inner to outer
heartwood, and a significant tree × radial position inter-
action (Table 6). The radial trends of heartwood a*
colour were not consistent from the inner to outer
heartwood, but varied among the individual trees, with
an increase or decrease, or little change in the heart-
wood a* colour from the inner to outer heartwood.
Weight loss of wood blocks with decay testing
The heartwood of the coast redwood trees was resistant
to decay by the brown-rot (Gloeophyllum trabeum) and
white-rot (Trametes versicolor) fungal cultures, but wasTable 4 Sources of variation in diameter growth,
heartwood content, and basic density for the coast
redwood trees at Kinleith, Mangatu, and Rotoehu Forest
Property Variance components (%)
Forest Tree Within tree
Diameter at breast height 83 17
Heartwood content1 67 33
Heartwood a* colour2 0 36 64
Basic density3 0 64 36
1Heartwood content at 6 m height for Kinleith and Mangatu Forests, and
breast height for Rotoehu Forest.
2Heartwood a* colour at 0 m height for Kinleith and Mangatu Forests, and
breast height for Rotoehu Forest.
3Basic density (rings 21–30) at 0 m and 6 m height for Kinleith and Mangatu
Forests, and pith-to-bark at breast height for Rotoehu Forest




















Rotoehu ForestMangatu ForestKinleith Forest
Figure 3 Heartwood content at 6 m height for Kinleith and
Mangatu Forests, and breast height for Rotoehu Forest, as a
function of diameter at breast height (DBH) for the coast
redwood trees.
Figure 4 Box-and-whisker plots of the basic density of the
wood at 0 m height for Kinleith and Mangatu Forests, and
breast height for Rotoehu Forest. Diamond symbols show the
average, horizontal boxes the median, 25th and 75th percentiles,
and the horizontal lines extend to the minimum and
maximum values.
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puteana) fungal culture (Table 7, Figure 5). The heart-
wood of the trees from the Kinleith and Mangatu Forest
stands had greater resistance to fungal decay, as mea-
sured by the weight loss, which can be attributed to the
older age of the trees in these stands. Most of the vari-
ation in the weight loss of the heartwood at Kinleith and
Mangatu Forests occurred within the trees, from the
inner to outer heartwood (Table 8, Figure 6). There was
a consistent radial trend of decreasing weight loss from
the inner to outer heartwood, with no significant tree ×
radial position interaction for the trees at Kinleith and
Mangatu Forests (Table 9).
The heartwood weight loss with the brown-rot (C.
puteana) fungal culture was high for the first ten growth
rings from the pith (Figure 6), but showed a large de-
crease over these growth rings, and was much lower for
growth rings 11 to 40 from the pith. The radial trends of
weight loss were similar for the forest stands at the same
growth rings, which suggests the stand differences were
largely due to the age of the trees. The individual trees of
coast redwood from the Rotoehu Forest stand showed
large differences in heartwood weight loss for the first ten
growth rings from the pith (Figure 7), with some of theTable 5 Basic density of the wood of the coast redwood trees
brackets
Forest Tree age (years)
0 m height (rings 21–30
Kinleith 71 359 (321–436) a
Mangatu 38 364 (278–453) a
Rotoehu 22
Average values followed by the same letter do not differ significantly (p > 0.05).trees having lower heartwood weight loss from an early
age. There were significant differences in the heartwood
weight loss of individual trees in the Mangatu and Rotoehu
forest stands, at the same growth rings from the pith.
The coast redwood heartwood blocks were assigned to
natural durability classes, based on the weight loss with
the brown-rot (C. puteana) fungal culture (Table 10).
The frequency of the heartwood blocks in each natural
durability class varied widely for the coast redwood
stands. The very durable and durable (class 1 & 2) heart-
wood comprised 72% and 56% of the heartwood blocks
at 0 m height in Kinleith and Mangatu Forests, respect-
ively, and 26% of the heartwood blocks at breast height
in Rotoehu Forest. The slightly durable and not durable
(class 4 & 5) heartwood comprised 7% and 22% of the
heartwood blocks at 0 m height in Kinleith and Mangatu
Forests, respectively, and 48% of the heartwood blocks
at breast height in Rotoehu Forest. The differences can
be attributed to the greater proportion of the more dur-
able outer heartwood in the older trees at Kinleith and
Mangatu Forests, compared with the younger trees at
Rotoehu Forest.
Discussion
The heartwood content was high for the coast redwood
trees from the North Island forests, and particularly for, showing forest averages with ranges of tree values in
Basic density of wood (kg m−3)




Table 6 Analysis of variance for heartwood a* colour, showing the significance of the main and interactive effects of
tree and radial position from inner to outer heartwood
Source of variation Kinleith Forest1 Mangatu Forest1
DF F-value P-value DF F-value P-value
Tree 4, 45 15.7 <.0001 12, 48 11.5 <.0001
Radial position 3, 45 3.3 0.030 3, 48 12.2 <.0001
Tree × Radial position 11, 45 10.4 <.0001 27, 48 2.2 0.009
1Heartwood a* colour at 0 m height for Kinleith and Mangatu Forests.
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opment is age related, and progresses outward at a set
fraction of the annual increment, and in the larger trees
where growth is faster and the rings are wider, more
heartwood is produced (Wilkes 1991; Cown 1999). A
large proportion of the variation in the heartwood con-
tent of the coast redwood trees at Mangatu and Rotoehu
Forests can be attributed to the differences in tree diam-
eter. Faster growth of coast redwood in New Zealand is
likely to increase the heartwood content, and with the
large variation in heartwood content among trees there
could be opportunities for gains from genetic selection.
The heartwood content is under strong genetic control
in pine and larch species, and the broad-sense heritabil-
ity of the heartwood content is high in larch (Magnussen
and Keith 1990; Pâques 2001). The selection and use of
clones of coast redwood in the plantation forests of New
Zealand could lead to gains in both growth and heart-
wood content.
The basic density of the wood of coast redwood trees
in the North Island forests was comparable with second-
growth coast redwood trees in California, USA. The
stocking rates and basal area of the Kinleith and Man-
gatu Forest stands was indicative of closely grown trees,
and could explain the similar wood basic density of these
stands, when compared at the same growth rings. The
stocking rates of coast redwood stands has a noticeable
effect on the basic density, as shown by the lower aver-
age basic density of openly grown trees compared with
closely grown trees (310–318 versus 356–360 kg m−3) of
second-growth coast redwood in California, USA (Luxford
and Markwardt 1932; Markwardt and Wilson 1935). ThisTable 7 Comparison of the weight loss for the heartwood blo
pine
Species Forest and disc
Brown rot C. putean
Coast redwood Kinleith - 0 m 9.0 b
Kinleith - 6 m 12.6 b
Mangatu - 0 m 12.0 b
Rotoehu - BH 21.5 a
Radiata pine 35.5
Average values followed by the same letter do not differ significantly for each fungsuggests that stand density after thinning of 400 to 600
stems ha−1 could be needed in New Zealand to meet the
basic density requirements of wood products such as deck-
ing and weatherboards. Durability tests of coast redwood
weatherboards in New Zealand have shown moderate
weathering after test periods of 9 to 17 years (Page et al.
1997), which suggests that surface wear will be an issue for
low density boards. The wide range of basic density evi-
dent among the coast redwood trees of the North Island
forests, suggests there could be some potential for the se-
lection of clones with wood of higher basic density.
The range of heartwood a* colour of the coast red-
wood trees in the North Island forests, was consistent
with the wide degree of natural variability in the shade
and intensity of heartwood colour in the coast redwood
trees in California, USA (Wilcox and Piirto 1976). Much
of the variation in the heartwood a* colour occurred
within the stems of the trees, from the inner to outer
heartwood. This can be expected to give variable pat-
terns of heartwood a* colour in the boards cut from the
trees. There were differences in heartwood a* colour
among trees, and also differences in the pattern of
within-tree heartwood a* colour variation, from the
inner to outer heartwood. This suggests that genetic se-
lection for heartwood a* colour in coast redwood trees
will need to consider the radial patterns of variation.
Heartwood colour has been found to be under genetic
control in Eucalyptus dunnii Maiden (Vanclay et al.
2008) and Acacia melanoxylon R.Br. (Bradbury et al.
2011), with some genetic control of within-tree colour
variation (Bradbury et al. 2011). Environmental factors
have also been found to affect heartwood colour incks of coast redwood, and sapwood blocks of radiata
Weight loss of blocks (%)
a Brown rot G. trabeum White rot T. versicolor
1.2 b 0.8 b
1.5 b 0.6 b
2.4 b 1.8 a
4.9 a 2.2 a
38.5 11.3
al culture (p > 0.05).




Weight loss in decay test, %
(a)




Weight loss in decay test, % 
(b)




Weight loss in decay  test, %
(c)
Figure 5 Box-and-whisker plots of the heartwood weight loss
for the coast redwood from Kinleith, Mangatu, and Rotoehu
Forests with (a) brown-rot C. puteana, (b) brown-rot G. trabeum,
(c) white-rot T. versicolor. Diamond symbols show the average,
horizontal boxes the median, 25th and 75th percentiles, and the
horizontal lines extend to the minimum and maximum values.
Table 8 Sources of variation in the weight loss of the
heartwood blocks of coast redwood with the brown- and
white-rot fungal cultures, for the Kinleith and Mangatu
Forest tree butt (0 m) height discs
Fungal culture Variance components (%)
Forest Tree Block
Brown-rot (C. puteana) 0 2 98
Brown-rot (G. trabeum) 21 3 76
White-rot (T. versicolour) 24 5 71
Figure 6 Weight loss for growth ring number from the pith,
with the brown-rot (C. puteana) fungal culture, for the coast
redwood trees from Kinleith, Mangatu, and Rotoehu Forests.
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nigra L. (Rink 1987), and to interact with the genetic
control of heartwood colour in Acacia melanoxylon
(Bradbury et al. 2011). While the North Island forest
sites had no noticeable effect on the heartwood a* colour
of the coast redwood trees, the selection of clones for
heartwood colour may require testing for the expression
of heartwood colour in different environments.
The decrease in the weight loss with fungal decay test-
ing, from the inner to outer heartwood of the coast red-
wood trees, was similar to the radial trends observed in
the heartwood of 45 to 64 year-old second-growth coast
redwood trees (Sherrard and Kurth 1933), and 24 to
100 year-old second-growth coast redwood trees (Clark
and Scheffer 1983) in California, USA. This has been at-
tributed to an increase in the content and toxicity of the
extractives from the inner to outer heartwood (Sherrard
and Kurth 1933). The weight loss was similar for the
same growth rings from the pith, for trees of different
age in the North Island forest stands, which suggests the
radial trends of weight loss were closely related to the
age of heartwood formation. Most of the radial change
in weight loss occurred in the first ten growth rings from
the pith, with little change in the weight loss ofTable 9 Analysis of variance for weight loss of the
heartwood blocks of coast redwood, with the brown-rot
(C. puteana) fungal culture, showing the significance of
the main and interactive effects of tree and radial
position from inner to outer heartwood
Source of variation Kinleith forest1 Mangatu forest1
DF F-value P-value DF F-value P-value
Tree 3, 1 12.2 0.21 12, 13 3.8 0.011
Radial position 3, 1 22.5 0.15 3, 13 11.7 0.001
Tree × radial position 6, 1 6.3 0.30 21, 13 0.8 0.664
1Heartwood weight loss at 0 m height for Kinleith and Mangatu Forests.























Figure 7 Weight loss for growth ring number from the pith,
with the brown-rot (C. puteana) fungal culture, for the coast
redwood trees from Rotoehu Forest. The coloured lines each
represent an individual tree.
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http://www.nzjforestryscience.com/content/44/1/11heartwood in growth rings 11 to 40 from the pith. The
higher proportion of durable heartwood in the older
trees can be attributed to the greater content of heart-
wood in the outer growth rings. This indicates the use of
longer rotations for coast redwood in New Zealand will
have the benefit of producing greater quantities of dur-
able heartwood.
There was variation among trees in the weight loss of
heartwood at the same growth rings, which suggests
there is potential to select coast redwood trees for in-
creased durability. The durability of heartwood is under
genetic control in larch and pine. The heartwood of
clonal trees of Siberian larch (Larix sibirica Ledeb.)
showed moderate broad-sense heritability (Venäläinena
et al. 2005), and the heartwood of Scots pine (Pinus syl-
vestris L.) trees showed moderate narrow-sense heritabil-
ity (Harju and Venäläinena 2002), for durability against
the brown-rot decay fungus Coniophora puteana. The
heartwood of coast redwood trees should be selected for
durability on the basis of the same heartwood growth
rings. The inner heartwood in the first ten growth rings
from the pith has the greatest potential for improvement
in durability. The consistent radial trend in coast red-
wood trees of declining weight loss from inner to outerTable 10 Proportion of the heartwood blocks in each durabil
tree discs, according to European standard EN 350–1 (1994) a
culture
Durability class Prop
Kinleith 0 m height Kinleith 6 m
1 - Very durable 29 41
2 - Durable 43 18
3 - Moderately durable 21 18
4 - Slightly durable 7 9
5 - Not durable 0 14heartwood, suggests that selection for improved durabil-
ity of the inner heartwood is likely to improve the dur-
ability of the outer heartwood.
The brown-rot (C. puteana and G. trabeum) and
white-rot (T. versicolor) test fungi used in this study are
known to represent the decay hazard that is observed on
buildings in Europe (Van Acker et al. 1999). Brown-rot
fungi usually occur on softwoods, such as coast red-
wood, which has been attributed to their ability to utilise
the hemicelluloses present in softwoods (Highley 1987).
This would explain the higher weight loss of the heart-
wood of coast redwood with the brown-rot fungi in the
decay testing. The durability classes of the heartwood of
coast redwood in this study will be applicable to above-
ground exterior use as weatherboards and decking, but
not to high decay hazards involving contact with soil,
where soft-rots and other types of micro-organisms will
be present.
Conclusions
The wood properties of plantation-grown coast red-
wood in New Zealand showed large variation among
and within trees in the forest stands. The heartwood
content increased with larger tree diameter in the forest
stands, which suggests that faster diameter growth is
likely to increase the heartwood content. The basic
density of the wood varied widely among the trees in
the forest stands, and was comparable with second-
growth coast redwood trees in California. The heart-
wood a* colour showed radial variation within the tree
stems, that will give variable patterns of colour in
boards cut from the trees.
The durability of the heartwood, with fungal decay
testing, showed strong radial trends that were closely re-
lated to the age of heartwood formation. The increase in
durability from the inner to outer heartwood was similar
to that observed in second-growth coast redwood in
California. Older trees had a higher proportion of the
more durable outer heartwood, which suggests that lon-
ger rotations for coast redwood in New Zealand will
have the benefit of producing greater quantities of dur-
able heartwood.ity class, for the Kinleith, Mangatu, and Rotoehu Forest
fter decay testing with the brown-rot (C. puteana) fungal
ortion of heartwood blocks (%)
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http://www.nzjforestryscience.com/content/44/1/11Endnote
aEffective stand density is measured by subtracting a
given proportion of the forest area, to account for gaps
in the forest canopy. The survival of the trees in the
Rotoehu Forest stand was variable, due to weed compe-
tition during establishment, so the effective stand density
is a more appropriate measure of the density of the trees
than actual stand density in a given area.
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